Introduction
Plants utilize multilayered defense strategies consisting of preformed and inducible mechanisms to resist pathogen infection (Jones and Dangl 2006 , Spoel and Dong 2012 , Cui et al. 2015 . The Arabidopsis (Arabidopsis thaliana) protein ENHANCED DISEASE SUSCEPTIBILITY1 (EDS1), together with its direct signaling partners, PHYTOALEXIN DEFICIENT4 (PAD4) and SENESCENCE ASSOCIATED GENE101 (SAG101), regulates plant basal immunity against virulent biotrophic pathogens and effector-triggered immunity (ETI), mediated by intracellular TOLL/INTERLEUKIN-1 RECEPTOR-NUCLEOTIDE BINDING-LEUCINE RICH REPEAT (TNL) receptors, against avirulent pathogenic strains , Bhattacharjee et al. 2011 , Heidrich et al. 2011 , Wagner et al. 2013 . Defense responses activated by EDS1 heteromeric complexes with PAD4 or SAG101 include transcriptional reprogramming of infected cells and the production of salicylic acid (SA) and other stress signals, which limit pathogen growth (Zhou et al. 1998 , Feys et al. 2001 , Zhang et al. 2003 , Glazebrook 2005 , Wirthmueller et al. 2007 , García et al. 2010 , Wagner et al. 2013 . Analysis of Arabidopsis mutants showed that EDS1 and PAD4 are of crucial importance for disease resistance. The role of SAG101 is less clear because its loss is frequently compensated by PAD4 . However, SAG101 contributes non-redundantly to certain Arabidopsis immune responses (Zhu et al. 2011 . Also, a unique PAD4 defense activity independent of EDS1 was reported in resistance to aphid feeding (Pegadaraju et al. 2007 , Zhu et al. 2011 , Louis et al. 2012 ).
EDS1 with PAD4 promotes two immunity pathways: (i) an SA-dependent branch in which pathogen-induced SA accumulation amplifies resistance; and (ii) an SA-independent branch which conditions resistance in the absence of ISOCHORISMATE SYNTHASE1 (ICS1)-generated SA (Bartsch et al. 2006 , Cui et al. 2017 . FLAVIN-DEPENDENT MONOOXYGENASE1 (FMO1) is a marker gene of the EDS1-and PAD4-controlled, SA-independent signaling branch, its expression being locally and systemically activated in Arabidopsis plants upon inoculation with virulent or avirulent Pseudomonas syringae bacteria (Bartsch et al. 2006, Mishina and Zeier 2006) . Arabidopsis plants constitutively overexpressing FMO1 displayed enhanced resistance to bacterial (P. syringae) and oomycete (Hyaloperonospora arabidopsidis) pathogens (Bartsch et al. 2006 , Koch et al. 2006 , whereas Arabidopsis fmo1 loss-of-function mutants were compromised in local resistance to P. syringae or H. arabidopsidis, and defective in the establishment of systemic acquired resistance (SAR) triggered by virulent or avirulent bacteria (Bartsch et al. 2006, Mishina and Zeier 2006) .
Biochemical profiling and genetic studies established a tight functional link between inducible plant immunity, in particular the establishment of SAR, and systemic accumulation of the lysine metabolite pipecolic acid (PIP), which is produced via the aminotransferase AGD2-LIKE DEFENSE RESPONSE PROTEIN1 (ALD1) (Song et al. 2004 , Návarová et al. 2012 , Bernsdorff et al. 2016 . PIP is a critical regulator of induced plant defense responses including FMO1 and ALD1 expression and FMO1-mediated SA biosynthesis via ICS1 in a positive amplification loop (Návarová et al. 2012 , Hartmann et al. 2018 . Because pathogen-induced expression of FMO1 and ALD1 also occurred in the Arabidopsis sid2/ics1 mutant, which is defective in SA production via ICS1 (Nawrath and Métraux 1999, Wildermuth et al. 2001) , it was proposed that FMO1 and ALD1 are involved in SA-independent processes upstream of SA biosynthesis and SAR induction (Song et al. 2004 , Bartsch et al. 2006 , Mishina and Zeier 2006 , Návarová et al. 2012 . Recently, the biochemical functions of both ALD1 and FMO1 were identified. ALD1 catalyzes the first step in the biosynthesis of PIP by an a-transamination of L-lysine leading to the formation of 2,3-hydroxypipecolic acid (Hartmann et al. 2017) . FMO1 hydroxylates PIP to N-hydroxypipecolic acid (NHP), which acts as a potent inducer of SAR (Hartmann et al. 2018 ).
Here we chose a chemical biology approach to dissect signaling pathways controlling FMO1 expression. Searches for bioactive small molecules via phenotypic screening of chemical libraries have recently found broader application in plants (Kaschani and van der Hoorn 2007 , McCourt and Desveaux 2010 , Tóth and van der Hoorn 2010 , Hicks and Raikhel 2012 , Serrano et al. 2015 . Many aspects of plant biology have been subjected to chemical interrogation, including hormone signaling (De Rybel et al. 2009 , Park et al. 2009 , Rigal et al. 2014 , endomembrane trafficking (Hicks and Raikhel 2010) , cell wall formation (Desprez et al. 2002 , Park et al. 2014 and host-pathogen interactions (Serrano et al. 2007 , Schreiber et al. 2008 , Knoth et al. 2009 , Serrano et al. 2010 , Noutoshi et al. 2012 . Groundbreaking studies using a novel small molecule ABA agonist, pyrabactin, led to the identification of long sought after ABA receptors (Park et al. 2009 , Cutler et al. 2010 , Mosquna et al. 2011 ).
We applied a marker-based chemical biology approach to identify bioactive small molecules that induce FMO1 expression using a transgenic Arabidopsis line expressing a fluorescent FMO1-yellow fluorescent protein (YFP) fusion protein under control of the native FMO1 promoter. Screening of a collection of 1,488 natural and synthetic chemicals yielded five candidate activators of FMO1 expression, of which one compound, the fungal phytotoxin thaxtomin A (TXA), induced EDS1-and PAD4-dependent defense responses without affecting other stress-related outputs. We found that TXA-induced expression of FMO1 is strictly dependent on EDS1 and PAD4 but independent of SA production, indicating that TXA selectively promotes SA-independent EDS1/PAD4-controlled immunity. Moreover, TXA treatment resulted in enhanced resistance against virulent pathogenic strains of P. syringae and H. arabidopsidis. Our analysis shows that TXA is a potent chemical activator of EDS1-and PAD4-regulated defense outputs. Thus, TXA is a promising new tool to conditionally activate and dissect further EDS1/PAD4-regulated plant immune responses.
Results
Identification of TXA, a potent and selective activator of Arabidopsis FMO1 expression
We developed a chemical screening assay to identify small molecules that activate expression of the defense marker gene FMO1, representing an EDS1-and PAD4-controlled, SA-independent resistance pathway (Bartsch et al. 2006) . For this, we generated transgenic Arabidopsis lines in the fmo101 (Col-0) mutant expressing FMO1 with a C-terminal YFP tag under the control of the native FMO1 promoter (FMO1p::FMO1-YFP). Functionality of the transgene was established by performing infection assays with H. arabidopsidis, which showed restored disease resistance ( Supplementary Fig. S1 ). To establish appropriate screening conditions, we initially monitored induced YFP fluorescence in seedlings treated with fumonisin B1 (Supplementary Fig. S2 ), which was shown previously to activate FMO1 expression (Olszak et al. 2006) . Transgenic seedlings were grown in liquid medium in 96-well plates and incubated with 1,488 diverse chemicals (comprising natural, semi-synthetic and recognized bioactive compounds) followed by quantifying enhanced reporter gene expression at 3-6 d after treatment. This primary screening, performed at various consecutive time points and with two or three replications per chemical, showed that several compounds increased FMO1-YFP fluorescence in seedlings, whereas most chemicals had little or no effect (Fig. 1A) . To not miss bioactive compounds with low activity, we initially used a low cut-off value of 1.5-fold enhanced fluorescence in sample vs. control [dimethylsulfoxide (DMSO)] treatments and selected approximately 200 compounds for further characterization. Rigorous rescreening (n !2) by quantifying YFP fluorescence reduced the number of confirmed hit compounds, which were then used to monitor their impact on FMO1-YFP accumulation at 24 h by protein blot analysis ( Supplementary Fig. S3 ). This process eliminated false-positive hits and provided a short list of five robust activators of FMO1p::FMO1-YFP expression (hit rate 0.34%) (Fig. 1B) .
Since our aim was to identify chemicals that selectively activate EDS1/PAD4 defense pathways represented by FMO1, two of the confirmed hit compounds, staurosporine and 5-iodotubercidin (Fig. 1B) , were excluded from further analysis because they are general protein kinase inhibitors, which perturb numerous processes in plants, including signaling mediated by jasmonic acid (JA), SA and calcium (Massillon et al. 1994 , Meggio et al. 1995 , Conrath et al. 1997 , Allen et al. 1999 , Asai et al. 2002 , Jensen et al. 2002 , Lecourieux et al. 2002 . The remaining three candidate compounds, the phytotoxin TXA, the polyether antibiotic monensin (MON) and the topical antiseptic merbromin (MER), were subjected to several orthogonal assays and counter assays to validate their bioactivity and selectivity in FMO1 induction. First, we determined the compound's impact on other plant stress responses. We found that treatment with TXA, MON or MER did not induce production of reactive oxygen species (ROS), which is a common response to infection or microbial elicitors [microbe-associated molecular patterns (MAMPs)] such as the flagellin-derived peptide, flg22 ( Table 1 ; Supplementary Fig. S4A ). However, we observed different effects when monitoring mitogen-acivated protein kinase (MAPK) signaling or intracellular calcium spiking. TXA and MER did not influence MAPK phosphorylation status, whereas MON caused phosphorylation of MPK6, and to a lower extent MPK3, compared with MPK6 and MPK3 activation by flg22 ( Supplementary Fig. S6 ). Thirdly, we determined the effect of TXA, MON and MER on plant hormone responses, such as JA-activated expression of VSP1 and LOX2 (Ellis and Turner 2001 , Jensen et al. 2002 , ABAinduced RAB18 expression (Fujii et al. 2007 , Gao et al. 2007 and auxin-activated expression of PIN1 (Vieten et al. 2005) . Of the three candidate compounds, only TXA did not alter these plant hormone responses ( Table 1 ; Supplementary Fig. S7 ). Based on this survey, TXA was chosen for further analysis as a potent and selective activator of FMO1 expression. Chemically, TXA is a piperazinedione derivative and the major phytotoxin produced by the plant-pathogenic soil bacterium, Streptomyces scabies (King et al. 1989 , King et al. 1991 . In addition to acting as a virulence factor causing scab-like lesions on potato tubers, TXA exhibits herbicidal and fungicidal activities (King et al. 1991 , Goyer et al. 1998 , Kinkel et al. 1998 , Zhang et al. 2013 ).
TXA-induced FMO1 expression is not a consequence of ROS production
To gain insight into the TXA mode of action, we characterized its effect on endogenous FMO1 expression in Arabidopsis wild-type (Col-0) seedlings by monitoring FMO1 mRNA accumulation by quantitative real-time PCR (qRT-PCR). Increasing TXA concentrations (up to 1,000 nM) resulted in progressively increased FMO1 expression, determined at 24 h after treatment ( Fig. 2A) . A concentration of 100 nM TXA was chosen for all subsequent experiments because it yielded reproducible and consistently high FMO1 induction (!30-fold). Higher TXA concentrations caused seedling growth retardation and necrosis. This detrimental effect of TXA on seedlings, recorded as increased electrolyte leakage, became apparent at concentrations >100 nM and extended incubation times (>24 h), and was independent of the Arabidopsis genotype tested ( Supplementary Fig. S8 ). In a time course study, we found that FMO1 mRNA amounts increased up to 24 h after treatment with 100 nM TXA and subsequently declined ( Fig. 2B; Supplementary Fig. S9A ). These results show that TXA is a potent and robust chemical activator of Arabidopsis endogenous FMO1 expression.
In view of the reported activity of TXA as a phytotoxin, we tested the relationship between TXA-induced FMO1 expression and ROS production as a proxy of cellular damage (programmed cell death). We found that TXA-induced FMO1 expression was not impaired in the Arabidopsis rbohd/f mutant, which is defective in ROS production (Torres et al. 2002 , Morales et al. 2016 . Enhanced and temporally extended FMO1 expression in rbohd/f mutant plants compared with wild-type plants rather suggested a negative effect of RboHD/ F-generated ROS on TXA-induced FMO1 expression ( Supplementary Fig. S9B ). Continuous monitoring of ROS production over an extended time period (up to 24 h) revealed no significant difference between TXA-and DMSO-treated seedlings ( Supplementary Fig. S10 ), although flg22-induced ROS production was enhanced by TXA. These data suggest that TXA-induced FMO1 expression over 24 h is not a consequence of rapid or extended ROS production. However, a contribution of induced cell death caused by TXA toxicity cannot be excluded (cf Supplementary Fig. S8 ).
FMO1 induction by TXA is not coupled to its activity as a cellulose synthesis inhibitor TXA was shown previously to inhibit cellulose biosynthesis in plants (Scheible et al. 2003) . We explored whether FMO1 induction is a consequence of this cellulose biosynthesis inhibition by comparing the effect of TXA on FMO1 expression with that of isoxaben, another known inhibitor of cellulose synthesis (Bischoff et al. 2009, Duval and Beaudoin 2009) . For this, we treated Arabidopsis (Col-0) seedlings with 100 nM TXA or 10 nM isoxaben, to achieve approximately equal efficacy in repression of genes encoding enzymes involved in cell wall biosynthesis, such as cellulose synthases CESA5, CESA6, CESA7 and CESA8, as previously reported (Bischoff et al. 2009 ). Treatment with solvent (DMSO) served as a negative control. Under conditions of equal inhibition (Fig. 3A) , the induction of FMO1 expression by TXA was significantly greater (!40-fold) than by isoxaben ( 10-fold) (Fig. 3B ). This result suggests that TXA-induced FMO1 expression is not tightly coupled to TXA inhibition of cellulose synthesis. We conclude that TXA most probably has at least one additional cellular target, which influences FMO1 expression.
TXA treatment promotes SA accumulation but not AAD or PIP synthesis
Activation of FMO1 expression upon plant infection by necrotizing pathogens is accompanied by the induction of defense responses including up-regulation of the SA biosynthesis gene ICS1 and accumulation of the defense hormone SA (Mishina and Zeier 2006) . We quantified SA levels in Arabidopsis (Col-0) seedlings after treatment with TXA and found elevated levels of total and free SA (4-to 5-fold increase) compared with DMSO-treated controls (Fig. 4A) . Therefore, TXA treatment stimulates SA production, in line with the observed activation of ICS1 and PR1 expression ( Fig. 4C ; Supplementary  Fig. S6 ). FMO1 is also an essential component of SAR, a resistance phenomenon in leaves distal from the site of primary pathogen attack (Mishina and Zeier 2006) . Establishment of SAR in plants, accompanied by induced FMO1 expression, was associated with massive local (>50-fold) and systemic (>10-fold) accumulation of the lysine metabolite PIP, whereas the related a-amino adipic acid (AAD) also accumulated to high levels (>50-fold) in local but to only moderate levels (>2-fold) in systemic tissue (Návarová et al. 2012) . We tested whether TXA treatment affects the amino acid profile of Arabidopsis seedlings, but did not observe an impact of TXA on PIP or AAD levels (Fig. 4B) . Other free amino acid levels were similarly unaffected (not shown). Therefore, TXA-induced FMO1 expression in seedlings is apparently independent of amino acid signaling mediated by PIP or AAD.
TXA-induced FMO1 expression requires EDS1 and PAD4
During pathogen infection, FMO1 expression was fully dependent on EDS1 and PAD4, but independent of SA (Bartsch et al. 2006, Mishina and Zeier 2006) . Also, ALD1, encoding an amino acid transferase participating in PIP (but not AAD) biosynthesis, was essential for systemic FMO1 expression during SAR induction (Návarová et al. 2012) . We tested various Arabidopsis mutant lines (in accession Col-0) for effects on TXA-induced FMO1 expression. For this, we quantified FMO1 expression in each line by qRT-PCR in relation to a constitutive reference gene, At4g26410 (Czechowski et al. 2005) , because the different genotypes differed in basal FMO1 transcript accumulation. This analysis revealed that TXA-induced FMO1 expression was strongly reduced in the eds1-2 and pad4-1 single mutants as well as in the pad4-1 sag101-3 or eds1-2 sid2-2/ics1 double mutants (Fig. 5) . In contrast, TXA-induced FMO1 expression was unimpaired in the sag101-3, ald1 and sid2-2/ics1 single mutant lines. Therefore, the genetic requirements for TXA action on FMO1 appear to be similar to those in pathogen-induced FMO1 concentrations (or 1% DMSO as control) or (B) 100 nM TXA (or 1% DMSO as control) for the indicated time periods. FMO1 expression was quantified by qRT-PCR and normalized to the controls. Values represent the mean (±SD) of three biological replicates. The experiment was repeated twice with similar results. Asterisks indicate significant differences from control values (*P < 0.05, **P < 0.01, ***P < 0.001, Student's t-test). Values at 12 and 24 h differ significantly from values at 36 and 48 h (P < 0.024), demonstrating a decline of FMO1 expression after 24 h (cf. Supplementary Fig. S9A ). Expression of (A) cellulose synthase genes, CESA5, CESA6, CESA7 and CESA8, and (B) FMO1 was quantified by qRT-PCR and normalized to control treatment (1% DMSO). Values represent the mean (±SD) of three biological replicates. Asterisks indicate significant differences from control values (*P < 0.05, ***P < 0.001, Student's t-test).
gene expression (Bartsch et al. 2006) . These results underscore the importance of both EDS1 and PAD4, but not ICS1-generated SA, in TXA-induced FMO1 expression. They also support the notion that TXA-induced FMO1 expression does not require ALD1. This fits with a lack of increased PIP upon TXA treatment ( Fig. 4B) because ALD1 expression and function are tightly linked to PIP biosynthesis (Návarová et al. 2012) .
TXA activates expression of EDS1-and PAD4-dependent defense genes
Next we tested whether TXA affects the expression of known EDS1-and PAD4-controlled defense genes besides FMO1, by monitoring their mRNA levels in Arabidopsis wild-type (Col-0) seedlings at 24 h after TXA treatment. Expression of EDS1, PAD4 and SAG101 was activated by TXA, with PAD4 responding most strongly (>12-fold) compared with control treatment with DMSO (Fig. 4C ). There were major increases in expression of the SA marker gene PR1 (140-fold) and genes affecting SA production, ICS1 (24-fold) and AVRPPHB SUSCEPTIBLE3 (PBS3; 100-fold) (Fig. 4C) , all of which are EDS1 dependent in pathogen resistance (García et al. 2010) . The induced expression of ICS1 corresponds to SA accumulation in seedlings upon TXA Asterisks indicate significant differences from control values (*P < 0.05, **P < 0.01, ***P < 0.001, Student's t-test). Seedlings of the indicated Arabidopsis genotypes, grown for 14 d in liquid medium, were treated for 24 h with TXA (100 nM) or DMSO (1%) as control. Expression of FMO1 was quantified by qRT-PCR relative to expression of the reference gene At4g26410. Values represent the mean (±SD) of three biological replicates. Asterisks indicate significant differences from expression values after control treatment (*P < 0.05, **P < 0.01, Student's t-test). Two independent repetitions of the experiment gave similar results. treatment (Fig. 4A) . Interestingly, ALD1 expression, which was reported to be partially dependent on PAD4 (Song et al. 2004) , also increased (35-fold) in response to TXA, but this did not result in a corresponding accumulation of PIP (Fig. 4B) . Together, the results suggest that TXA treatment leads to increased expression of various EDS1-and PAD4-dependent genes.
TXA treatment preferentially stimulates PAD4 expression
Given the importance of EDS1 and PAD4 as defense regulators, we followed their expression upon treatment with TXA over a 24 h time course. The relative increase in PAD4 mRNA was higher compared with that of EDS1 mRNA (>12-fold vs. 4-fold at 24 h) (Fig. 6A) . We then tested whether TXA-induced PAD4 mRNA accumulation depends on EDS1, and vice versa. PAD4 expression in the eds1-2 null mutant increased upon TXA treatment to a lower extent ($40%) compared with the response of Arabidopsis wild-type (Col-0) plants (Fig. 6B) . In contrast, TXA failed to activate EDS1 expression in the pad4-1 null mutant (Fig. 6C) . As expected, PAD4 and EDS1 transcripts were not detectable in the corresponding pad4-1 and eds1-2 mutants, or an eds1-2 pad4-1 double mutant with or without TXA (Fig. 6B, C) . Therefore, TXA-induced PAD4 expression is partly independent of EDS1, whereas TXA-induced EDS1 expression absolutely requires PAD4. This suggests that PAD4 is the key limiting factor in determining TXA stimulation of EDS1.
In pathogen resistance responses, EDS1 operates with PAD4 in a heterodimeric complex, which mutually stabilizes each partner and up-regulates the expression of both genes as part of a transcriptional feed-forward loop (Feys et al. 2001 , Wagner et al. 2013 ). We therefore tested the effect of TXA treatment on EDS1 and PAD4 protein levels in Arabidopsis wild-type (Col-0), eds1-2 and pad4-1 mutant plants at 24 h after treatment with TXA (or DMSO as control). On protein blots of total leaf extracts, probed with anti-EDS1 or anti-PAD4 serum, we found that TXA treatment markedly stimulated PAD4 accumulation, whereas EDS1 levels did not change in wild-type (Col-0) plants (Fig. 6D) . EDS1 amounts also remained unchanged in the pad4-1 mutant in response to TXA (Fig. 6D) . PAD4 protein was not detectable in the eds1-2 mutant (Fig. 6D) , suggesting that the residual TXAinduced PAD4 mRNA accumulation seen in eds1-2 (Fig. 6C) does not compensate for reduced PAD4 protein stabilization in an EDS1-PAD4 complex. Collectively, these data suggest that TXA principally stimulates PAD4 expression and hence increases availability of PAD4 to form active EDS1-PAD4 complexes, which mediate the enhanced expression of their own and other EDS1-and PAD4-dependent defense genes, such as FMO1. The fact that overexpression of PAD4 neither initiated FMO1 expression (in the absence of TXA) nor enhanced its TXA-induced expression ( Supplementary Fig. S11 ) further supports that co-ordinated actions of PAD4 together with EDS1, presumably as EDS1-PAD4 complexes (Wagner et al. 2013 , Cui et al. 2017 , are important for TXA-triggered defense pathway activation. 
TXA treatment enhances resistance to bacterial and oomycyte pathogens
Because TXA treatment of Arabidopsis plants induced expression of several genes within the EDS1-PAD4 pathway, we tested whether TXA also leads to enhanced pathogen resistance. Leaves of 5-week-old wild-type (Col-0) and mutant plants were infiltrated with TXA (100 nM) and inoculated 24 h later with the virulent bacterial pathogen P. syringae pv tomato strain DC3000. Quantification of bacterial growth at 3 d postinoculation showed that TXA caused an approximately 10-fold reduction in bacterial titer compared with control (DMSO) treatment in wild-type (Col-0) plants (Fig. 7A) . In contrast, there was no effect of TXA treatment on P. syringae pv tomato DC3000 growth in the pad4-1, eds1-2, sid2-2/ics1 and fmo1-1 mutant lines (Fig. 7A) , indicating that these genes are necessary for increased bacterial resistance by TXA. Notably, infiltration of TXA (100 nM, 24 h) did not lead to visible necrosis in leaves, further suggesting that TXA-induced resistance is not related to cell death propagation. Also, the TXA response was not associated with increased SA or PIP, since both compounds were only slightly higher in TXA-treated tissues compared with DMSO treatment (SA from 0.33 ± 0.07 to 0.40 ± 0.08 mg g FW -1
; PIP from 0.13 ± 0.03 to 0.37 ± 0.08 mg g FW -1 ). By comparison, Pseudomonas-inoculated leaves accumulated 20-to 100-fold higher SA and PIP levels ($10 and 42 mg g FW -1
, respectively) (Bartsch et al. 2006 , Návarová et al. 2012 ). Thus, with respect to SA accumulation, sterile seedlings grown in liquid culture were more responsive to TXA (100 nM) treatment than 5-week-old plants grown on soil. The different cultivation conditions, mode of TXA application, as well as developmental stages and tissues (young seedlings vs. older leaves), of plants used for chemical screening or infection assays, respectively, probably contribute to altered TXAinduced SA accumulation.
Leaves of 5-week-old Arabidopsis plants treated for 24 h with TXA (100 nM) were also spray-inoculated with conidiospores of Hyaloperonospora arabidopsidis isolate Noco2, which is virulent on the wild type (Col-0). Leaves were then stained with trypan blue at 4 d post-inoculation to visualize pathogen structures and dead or dying host cells under a light microscope (Aarts et al. 1998) . In wild-type (Col-0) plants treated with DMSO as control, H. arabidopsidis hyphae had spread throughout leaves (Fig. 7B) . In contrast, there was no hyphal spread observed in TXA-treated Col-0 leaves, which instead displayed localized host reactions indicative of a hypersensitive response (HR) at pathogen infection sites (Fig. 7B) . Similar to the bacterial infection assays, TXA pre-treatment did not induce resistance against H. arabidopsidis isolate Noco2 in the pad4-1, eds1-2, sid2-1/ics1 and fmo1-1 mutant lines, which supported equivalent pathogen hyphal growth to that in the DMSO-treated samples (Fig. 7B) . These phenotypes were consistent with H. arabidopsidis conidiospore counts on inoculated leaves (Supplementary Fig. S12 ). The data show that TXA treatment promotes Arabidopsis resistance to a virulent bacterial and oomycete pathogen and that TXA-induced resistance requires the defense regulatory genes, EDS1 and PAD4. The failure of Fig. 7 TXA treatment leads to enhanced resistance of Arabidopsis wild-type plants to Pseudomonas syringae pv. tomato and Hyaloperonospora arabidopsidis. Leaves of the indicated 5-week-old Arabidopsis genotypes were infiltrated with TXA (100 nM) or DMSO (0.001%) as control and 24 h after treatment spray-inoculated with (A) virulent P. syringae pv tomato DC3000 or (B) virulent H. arabidopsidis isolate Noco2. Bacterial titers were quantified at 3 d post-inoculation; values represent the mean (±SD) of six replicates; the asterisk indicates a significant difference from the control (*P < 0.05, Student's t-test). To monitor the plant's hypersensitive response (HR) and hyphal growth (free hyphae, fH), !20 leaves of each line were stained at 4 d post-inoculation with trypan blue and examined by light microscopy, and representative pictures are shown. An HR was observed in TXA-treated wild-type (Col-0) plants, whereas all other panels show growth of free hyphae (fH). Scale bar = 100 mM. Experiments were repeated four times with similar results.
TXA to induce resistance in sid2-2/ics1 and fmo1-1 genotypes suggests that EDS1-and PAD4-controlled SA-dependent and SA-independent pathways contribute to this immunity phenotype.
Discussion
Intricate signaling networks mediate plant responses to attacking pathogens and other environmental stresses. Genetic approaches have identified key components and actions of these pathways (Glazebrook 2005 , Jones and Dangl 2006 , Tsuda et al. 2009 , Spoel and Dong 2012 , Cui et al. 2015 , but many mechanistic details remain unclear. Here, we used a chemical biology approach to interrogate an SA-independent signaling branch in Arabidopsis that is controlled by the central immunity regulators EDS1 and PAD4 (Fig. 8) . Previous studies showed that EDS1-PAD4 complexes transduce signals generated by plant pathogen infection to reprogram host cells transcriptionally (inducing expression of genes such as FMO1, ICS1 and ALD1 representing different defense outputs), leading to immunity and often to localized cell death (Fig. 8) (Gruner et al. 2013 , Cui et al. 2015 . How EDS1-PAD4 complexes molecularly activate these defense pathways is unclear.
Primary chemical screening and hit selection
We identified TXA as a selective activator of the EDS1-and PAD4-dependent but SA-independent defense pathway represented by FMO1 (Bartsch et al. 2006, Mishina and Zeier 2006 ) by screening a library of diverse natural and synthetic compounds for activators of reporter gene expression. TXA was selected from a large number of primary hit compounds by rigorous filtering using multiple biological readouts ( Table 1) . This was an essential step because of the relatively low fluorescence emitted from accumulated FMO1-YFP ($3-to 4-fold compared with the control) in the primary screen. Endogenous FMO1 transcripts accumulated to maximum levels at 24 h after infection or chemical stimulation ( Fig. 2B ; Supplementary Fig. S9A ) (Bartsch et al. 2006, Mishina and Zeier 2006) , whereas FMO1-YFP fluorescence was detectable at 3-6 d after TXA treatment ( Supplementary Fig. S2 ) (Olszak et al. 2006) . Accordingly, this relatively late time frame was used for consecutive monitoring of stimulated YFP fluorescence in Arabidopsis seedlings expressing the FMO1p::FMO1-YFP reporter. For a critical discussion of many issues related to designing chemical screening experiments, we refer readers to our recent methodology article (Serrano et al. 2015) .
We analyzed the chemical screening data by applying stringent statistical methods to avoid missing hit compounds with intermediate activity. Hence, we calculated the so-called Zscore, which relates the mean fluorescence value obtained with each compound (determined with three replications) to the mean of a collective control value and corresponding standard deviation (Malo et al. 2006 , Serrano et al. 2015 , and selected all compounds yielding values !1.5 for re-screening. These verified candidate compounds were subjected to further validation by monitoring accumulation of FMO1-YFP on protein blots and endogenous FMO1 mRNA by qRT-PCR after chemical treatment ( Fig. 2; Supplementary Fig. S3 ). This ultimately yielded five robust activators of FMO1 expression including TXA, MON and MER.
TXA activates a subset of defense-related responses
From the identified compounds, TXA was the only selective activator of FMO1 expression. Other early defense responses such as ROS production, MAPK activation and intracellular calcium spiking were not affected (Table 1) . Thus, TXA appears to act on a particular sector of the defense signaling network, Fig. 8 Model for TXA action in EDS1-and PAD4-mediated defense signaling involving FMO1 expression. Upon infection, EDS1-PAD4 complexes activate defense pathways represented by the enzymes ICS1, FMO1 and ALD1, mediating (primarily) SA-dependent, SA-independent and systemic defense responses (SAR), respectively. Thaxtomin A (TXA) preferentially activates expression of PAD4, thereby increasing the abundance, stability and/or activity of the EDS1-PAD4 complex, leading to activation of downstream defense responses, including FMO1, ICS1 and ALD1 gene expression. Enhanced FMO1 activity, via conversion of pipecolic acid (PIP) to N-hydroxy-PIP (NHP), mediates SA-independent defense responses. Increased ICS1 activity leads to SA accumulation and induction of SA-dependent defense genes such as PR1, but these responses are not necessary for TXA-induced FMO1 expression. TXA-activated ALD1 expression is not accompanied by accumulation of the corresponding product PIP (gray shaded area), presumably because another necessary enzyme, SARD4, is not co-expressed. Consequently, TXA-induced FMO1 expression is uncoupled from PIP and ALD1. However, TXA's precise mode of action remains to be clarified.
which also leads to induction of PR1 gene expression (140-fold at 100 nM TXA; Fig. 4C ) mediated by enhanced SA production (Fig. 4A) . This observation is in accordance with previous reports showing that TXA treatment activates defense responses in Arabidopsis (Duval et al. 2005 , Errakhi et al. 2008 , Bischoff et al. 2009 , Duval and Beaudoin 2009 . However, some of these reports are conflicting with respect to PR1 expression, which was up-regulated (Bischoff et al. 2009) or not affected by TXA treatment (Duval et al. 2005 , Errakhi et al. 2008 , Duval and Beaudoin 2009 . TXA is a phytotoxin causing cell necrosis in a range of plants (including Arabidopsis), but it also has fungicidal and antiviral activity (Zhang et al. 2013) . It is conceivable that application of TXA at high concentrations (5-10 mM) prevents PR1 expression as a result of extensive tissue damage (Duval et al. 2005 , Errakhi et al. 2008 , Duval and Beaudoin 2009 , in contrast to localized cell death occurring upon pathogen infection. Moreover, TXA is thought to be responsible for disease symptoms on host plants infected by S. scabies as the pathogenicity of strains correlated with TXA amounts produced (King et al. 1991 , Goyer et al. 1998 , King and Calhoun 2009 . Inoculation of potato plants with TXA-producing S. scabies strains increased expression of various SA-dependent defense genes including PR-1b, PR-2 and PR-5 (Arseneault et al. 2014) . Notably, TXA-activated responses did not include ROS production, proton uptake (alkalization of growth medium) or activation of the ethylene/JA pathways (Duval et al. 2005) , which our observations confirm and extend to calcium spiking, MAPK activation and the JA, ABA and auxin signaling pathways (Table 1) . Under our assay conditions, TXA treatment (100 nM, 24 h) did not initiate visible necrosis or ion leakage ( Supplementary Fig. S8 ). We therefore excluded TXAinduced cell death as a major driver of FMO1 expression and activator of defense responses.
Positioning TXA action in the defense network
Several studies have established that FMO1 expression is activated independently of SA production in pathogen-infected leaves (Bartsch et al. 2006 , Koch et al. 2006 , Mishina and Zeier 2006 , Olszak et al. 2006 , Gruner et al. 2013 . Here, we found that TXA-induced FMO1 expression also did not require ICS1-generated SA (Fig. 5) . Nevertheless, TXA did lead to accumulation of free and conjugated SA and stimulation of PR1 gene expression (Fig. 4) . SA or SA-related molecules also stimulate EDS1 and PAD4 expression as part of a positive amplification loop that enhances pathogen resistance locally and systemically (Zhou et al. 1998 , Jirage et al. 1999 , Feys et al. 2001 , thereby probably contributing to EDS1-and PAD4-dependent increases in SA and induction of ALD1 and FMO1 in response to TXA (Fig. 4) (Song et al. 2004) [data accessible at the NCBI Gene Expression Omnibus (GEO), accession GSE14961; Expression data from Arabidopsis seedlings treated with salicylic acid]. The correlation between pathogen-induced FMO1 expression and SA accumulation is not restricted to infected leaves (local response) but extends to distal tissues (SAR). Indeed, establishment of SAR in Arabidopsis was associated with systemic FMO1 expression and SA accumulation (Bernsdorff et al. 2016 ). In the Arabidopsis fmo1 mutant, systemic SA accumulation and SAR were defective, whereas the local SA accumulation, defense activation and disease resistance were not impaired (Bartsch et al. 2006, Mishina and Zeier 2006) . Thus, activation of ICS1 and FMO1 expression and accumulation of SA occurs through independent pathways, with TXA probably affecting a common regulatory hub, the EDS1-PAD4 complex (Fig. 8) .
The non-proteinogenic amino acid PIP is an essential regulator of inducible plant immunity (SAR) and systemic FMO1 and PR1 expression (Návarová et al. 2012 , Bernsdorff et al. 2016 . Based on previous results (Gupta and Spenser 1969 , Song et al. 2004 , Návarová et al. 2012 , it was recently shown that PIP biosynthesis from lysine proceeds via two enzymatic steps, catalyzed by the aminotransferase ALD1 and the reductase SAR-DEFICIENT4 (SARD4) (Hartmann et al. 2017) . However, when quantifying PIP (and other amino acids), we did not detect significant differences in PIP levels in response to TXA treatment, although ALD1 expression was strongly upregulated (Fig. 4) . Possibly, ALD1 mRNA is not effectively translated or SARD4 might not be co-ordinately expressed with ALD1 in response to TXA treatment. Notably, TXA-induced FMO1 expression was unimpaired in the Arabidopsis ald1 mutant, which is defective in PIP production, suggesting that PIP is not involved in TXA-mediated FMO1 expression (Fig. 5) . This corroborates earlier findings that ald1 plants activate FMO1 expression similar to wild-type plants upon inoculation with P. syringae (Bernsdorff et al. 2016) . A complex role for PIP in FMO1 expression was previously reported. Mere elevation of PIP levels (e.g. by exogenous PIP application) only moderately activated FMO1 expression, but, when combined with pathogen infection, FMO1 expression was strongly enhanced, suggesting that PIP amplifies another signal (or signals) rather than being an exclusive trigger (Návarová et al. 2012 , Hartmann et al. 2018 . TXA treatment caused strongly increased PAD4 expression (Figs. 4, 6A) , and pathogen-induced ALD1 expression and PIP production in systemic tissues were strongly dependent on PAD4 (Návarová et al. 2012) . Thus, the observed increase in ALD1 expression is likely to be a consequence of increased PAD4 abundance in TXA-treated plants (Fig. 8) . The recently discovered activity of FMO1 as PIP Nhydroxylase suggests that TXA treatment induces resistance via production of the SAR-inducer NHP (Hartmann et al. 2018) (Fig. 8) . As in induction of resistance by TXA, NHP accumulation upon P. syringae inoculation also depended on functional PAD4 and EDS1 signaling (Hartmann et al. 2018 ).
PAD4 is highly responsive to TXA Pathogen-induced FMO1 expression is controlled by EDS1 and PAD4 (Bartsch et al. 2006 ). In our experiments, TXA-induced FMO1 expression was also fully dependent on EDS1 and PAD4, and genetically independent of SAG101 (Fig. 5) . EDS1 forms structurally related heterodimers with PAD4 or SAG101, which activate downstream defense responses (Wagner et al. 2013 ). With respect to TXA treatment, our data suggest that EDS1 operates principally with PAD4 in FMO1 activation (Fig. 6) . Whereas EDS1-PAD4 co-operation defines many pathogen-triggered TNL receptor-mediated and basal immune responses, EDS1 shows a preference for interaction with SAG101 in at least one TNL receptor-mediated autoimmune response , suggesting that EDS1-PAD4 and EDS1-SAG101 complexes can be engaged selectively in different immunity pathways.
Expression of EDS1 and PAD4 was induced by TXA treatment (Fig. 6) and therefore the EDS1-PAD4 complex or components mediating its function, such as TNL receptors, are potential targets of TXA. Analysis of eds1-2 and pad4-1 mutants revealed that TXA-induced PAD4 expression was partly independent of EDS1, whereas TXA-induced EDS1 expression was strictly dependent on PAD4 (Fig. 6) . Increased PAD4 expression was mirrored by PAD4 protein accumulation in TXA-treated wild-type plants (Fig. 6D) . In pad4-1 seedlings, EDS1 mRNA and EDS1 protein accumulated before and after TXA treatment (Fig. 6) , possibly due to EDS1 stabilization by SAG101 , Wagner et al. 2013 . In contrast, PAD4 protein was undetectable in the eds1-2 mutant before and after TXA treatment, despite appreciable PAD4 mRNA accumulation (Fig. 6) . This underscores the importance of EDS1 in stabilizing PAD4 in heterodimeric complexes , Cui et al. 2017 . Based on these results, we propose that TXA targets a component (or components) acting upstream of EDS1 and PAD4 expression (Fig. 8) . TXA's preferential stimulation of PAD4 expression (Fig. 6A ) might reflect higher turnover of PAD4 mRNA compared with EDS1 mRNA, or a unique role for PAD4 in responding to TXA treatment. In this regard, PAD4-controlled resistance against green peach aphids in Arabidopsis was found to work independently of EDS1 or SA accumulation (Pegadaraju et al. 2007 , Louis et al. 2012 , indicating a unique PAD4 function in this stress response.
TXA activates EDS1-and PAD4-dependent disease resistance
Small bioactive molecules of natural or synthetic origin that induce plant defense responses and thus mimic infection by pathogens have been applied in basic research and natural field conditions to protect crops from disease (Bektas and Eulgem 2015) . Because TXA treatment selectively activated EDS1-PAD4-controlled defense outputs, we asked whether TXA also provides protection against pathogen infection.
TXA treatment of Arabidopsis leaves, followed by inoculation with virulent P. syringae pv. tomato strain DC3000, led to reduced bacterial titers compared with mock-treated control leaves (Fig. 7A) . No chemically induced resistance was observed in pad4-1, eds1-2, sid2-2/ics1 or fmo1-1 mutants, in accordance with TXA-induced expression of the corresponding genes in wild-type plants (Fig. 4C) . Treatment with a low dose of TXA (100 nM, used throughout our work) did not cause macroscopic necrotic lesioning or measurable ion leakage, which were apparent at higher concentrations (e.g. 1 mM) or extended exposure times (Supplementary Fig. S8 ). We conclude that TXA does not mediate its effects on defense gene expression through general toxicity or stimulation of plant cell death.
TXA-induced resistance in Arabidopsis was also effective against the virulent oomycete, H. arabidopsidis (Fig. 7B) . Formation of HR-like lesions restricting hyphal growth in TXA-treated leaves marked a clear phenotypic difference from inoculated control leaves ( Fig. 7B; Supplementary Fig.  S12 ). In accordance with TXA-activated expression of EDS1 and PAD4, TXA-induced resistance was ineffective in eds1-2 and pad4-1 mutant leaves. The failure also of fmo1-1 and sid2-2/ics1 mutants to mount TXA-induced resistance towards H. arabidopsidis is consistent with the importance of these components, respectively, in EDS1/PAD4-driven SA-independent and SA-dependent signaling branches (Nawrath and Métraux 1999 , Bartsch et al. 2006 , Mishina and Zeier 2006 . Notably, equivalent growth of bacteria and oomycete pathogens in the various mutant backgrounds with or without TXA treatment indicates that the compound does not exert a direct antimicrobial effect under the conditions applied here.
In conclusion, activation of EDS1/PAD4 signaling by TXA leading to mobilization of SA-dependent and SA-independent defense pathways is associated with strong up-regulation of PAD4 expression and PAD4 accumulation, and co-ordinated actions of PAD4 with EDS1, probably as heterodimeric complexes (Fig. 8) . This suggests that one or several components controlling promoter activity (e.g. transcription factors or regulators) are potential targets of TXA in Arabidopsis. TXA might also have an effect on the distribution or activity of the EDS1-PAD4 complex. The consequence of TXA targeting this regulatory node is mobilization of defense pathways represented by FMO1, ICS1 and ALD1 (Fig. 8) . TXA does not activate other common defense responses, such as ROS production, MAPK signaling and calcium spiking ( Table 1) . Although the precise mode of action of TXA remains to be clarified, its selective and potent activity suggest it might be a powerful chemical tool to interrogate EDS1/PAD4 signaling in plant immunity further.
Materials and Methods

Plant material and growth conditions
We used Arabidopsis thaliana accession Col-0 (wild-type) and the previously described mutants fmo1-1, eds1-2 (Bartsch et al. 2006) , pad4-1 (Jirage et al. 1999 ), sag101-3 (Feys et al. 2005 , sid2-2/ics1 (Nawrath and Métraux 1999), ald1 (Song et al. 2004 ) and the double mutant eds1-2 pad4-1 (Wagner et al. 2013) . A new sag101 mutation in accession Col-0, named sag101-3, was selected from the GABI-KAT T-DNA collection (https://www.gabi-kat.de) and verified as having a T-DNA disruption of SAG101 using PCR-based mutant detection and sequencing. A homozygous sag101-3 mutant was crossed with pad4-1 to generate a pad4-1 sag101-3 double mutant line, which was verified by PCRbased mutant detection and pathogen phenotyping. An eds1-2 sid2-1 double mutant line was kindly provided by Haitao Cui (Max Planck Institute for Plant Breeding Research). Primers used for mutant detection are available on request. Transgenic Arabidopsis lines expressing genomic FMO1 fused to YFP under control of 5'-regulatory FMO1 gene sequences (FMO1p::FMO1-YFP) were generated in the fmo1-1 mutant by Agrobacterium-mediated transformation (Clough and Bent 1998) . FMO1 genomic DNA was cloned to generate pENTR/D FMO1p::FMO1, which was then recombined into a pAMPAT::YFP destination binary vector pXCG-YFP (Witte et al. 2004 ) producing pXC::FMO1p::FMO1-YFP. Three selected homozygous transgenic lines expressing FMO1p::FMO1-YFP (lines 36-4, 60-3 and 65-5) fully complemented fmo1-1 in resistance to H. arabidopsidis isolate Cala2 (Supplementary Fig. S1 ). One line (internal number 60-3) was selected for library screening and subsequent experiments. In addition, we used Arabidopsis (Col-0) lines expressing the GUS reporter under the control of different promoters, SA-responsive PR1p::GUS (Shapiro and Zhang 2001) , JA-responsive VSP1p::GUS (Zheng et al. 2006) and LOX2p::GUS (Jensen et al. 2002) , or the cytosolic calcium sensor apoequorin, pMAQ2 (Knight et al. 1991 , Maintz et al. 2014 .
For chemical treatment and screening, Arabidopsis seedlings were grown hydroponically in transparent 96-well microplates (PerkinElmer) containing 160 ml of half-strength Murashige and Skoog (MS) basal salt medium (Murashige and Skoog 1962) 
Screening for activators of FMO1-YFP expression
For chemical screening, Arabidopsis seedlings expressing FMO1p::FMO1-YFP were grown in liquid culture (96-well microplates) for 14 d. Growth medium was removed and replaced by fresh medium with added chemicals (10-20 mM, depending on the library) and a final solvent (DMSO) concentration not exceeding 1%. YFP fluorescence was recorded in seedlings after 3-6 d of incubation in various consecutive readings using a FloroCount BF10000 (Packard Bioscience) or a Centro XS 3 LB 960 Microplate Reader (Berthold Technologies) with an excitation/emission wavelength of 485/535 nm. Treatment with the fungal toxin fumonisin B1 (10 mM), which was previously shown to activate expression of FMO1 in Arabidopsis (Olszak et al. 2006) , served as positive control. For initial library screening, two or three biological replicates per chemical were averaged and normalized to appropriate control samples, e.g. averaged fluorescence values of the whole screening plate or samples without added chemicals that were contained on the same plate. For confirmation of selected primary hits and other assay conditions, 2-6 biological replicates were analyzed.
Quantification of GUS activity in reporter lines
Arabidopsis lines harboring different GUS reporters were grown in liquid medium (96-well microplates) for 12-16 d and gene expression activated by treatment with the appropriate inducer as previously reported to yield maximum activity, i.e. PR1p::GUS was treated with 200 mM SA for 24 h, and VSP1p::GUS and LOX2p::GUS with 100 mM jasmonic acid methyl ester (JAMe) for 24 h (Halder and Kombrink 2015) . For combined treatment with TXA or other compounds, these chemicals were added 1 h prior to induction of gene expression to determine their potential as inhibitors; alternatively, the inducer was omitted to determine the chemicals' potential as activators. Following this treatment, the medium was removed by aspiration and seedlings were used immediately (or stored at -80 C) for quantification of GUS activity in situ using a microplate reader (FluoroCount, Packard Bioscience) with an excitation/emission wavelength of 365/455 nm as previously described (Halder and Kombrink 2015) . All reported values are the mean (±SD) of at least four biological replicates.
Quantitative Ca 2+ measurement
Arabidopsis line pMAQ2 (Knight et al. 1991) , expressing cytosolic apoaequorin, was used to monitor rapid, elicitor-induced changes in cellular Ca 2+ concentrations as previously reported (Maintz et al. 2014) . In brief, 14-day-old seedlings, grown hydroponically in microplates, were charged with coelenterazine (10 mM, 100 ml) by overnight treatment, then the liquid was replaced by water or solutions of chemicals (20 mM TXA, 20 mM MON or 20 mM MER) and seedlings incubated for 30 min in the dark, before the Ca 2+ response was initiated by addition of 1 mM peptide epitope of bacterial flagellin (flg22). The Ca 2+ -dependent bioluminescence was recorded for 30 min in a Centro XS 3 LB 960 or TriStar LB 942 Microplate Reader (Berthold Technologies) as described (Maintz et al. 2014) . For each treatment, at least three replicates were recorded and the resulting Ca 2+ traces averaged to provide the result of one experiment, which was repeated at least two or three times.
Oxidative burst assay
Production of ROS was determined by H 2 O 2 -dependent luminescence of luminol as previously described, with minor modifications (Serrano et al. 2007 . Arabidopsis seedlings, grown for 14 d in liquid medium, were washed in 300 ml of water and transferred to 96-well microplates containing 100 ml of water. Following incubation for 2 h, ROS production was triggered by adding chemicals (100 nM TXA, 10 mM MON or 10mM MER), 1mM flg22 as positive control or 1% DMSO as negative control, followed by immediate injection of 100 ml of assay solution containing 400 mM luminol and 0.02mg ml -1 horseradish peroxidase (HRP; SigmaAldrich, P6782). Luminescence was recorded for 2 s per well and the cycle was repeated every 2 min for a total time period of 72 min (in exceptional cases, this period was extended up to 24 h), using a TriStar LB 942 Microplate Luminometer (Berthold Technologies). Each measurement was carried out in 12 replicates.
MAPK assays
MAPK activation was detected by immunoblot analysis of soluble proteins extracted from the seedlings in a lysis buffer as described earlier (Saijo et al. 2009 , Ranf et al. 2011 , using anti-phospho p44/p42 MAPK (Erk1/2) (Tyr202/ Tyr204) antibody (Cell Signaling Technology, New England Biolabs).
Protein blot analysis
Total soluble proteins were separated by SDS-PAGE and blotted onto a Hybond ECL nitrocellulose membrane (GE Healthcare Life Sciences) as previously described (Serrano et al. 2010) . Equal protein loading and transfer onto the membrane was monitored by staining with 0.1% Ponceau S (SigmaAldrich), followed by extensive washing. For detection of EDS1 or PAD4, polyclonal antisera were used as described . For FMO1-YFP detection, an antiserum directed against green fluorescent protein (GFP; Thermo Fisher Scientific) was used. All primary antisera were used at dilutions of 1:1,000 and incubated with the membrane overnight at 4 C. Specific protein detection was achieved using HRP-conjugated secondary antibodies (rabbit) and Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific); the results were documented on a ChemicDoc MP system (BioRad Laboratories).
Measurement of electrolyte leakage
The quantification of electrolyte leakage for evaluation of tissue damage during infection and abiotic stress has previously been described (Mur et al. 2006 , Chen et al. 2015 . Arabidopsis seedlings, grown for 14 d in liquid medium, were placed in 2 ml of water (24-well microplate) and treated with chemicals (100 nM TXA) or DMSO (1%). The conductivity of the medium was determined at selected time intervals (2-48 h) in a 60 ml sample using a HORIBA B-173 Compact Twin Conductivity Meter (Horiba Ltd.). The experiment was carried out in six replicates per time point and genotype, and repeated three times with similar results.
Quantification of SA and amino acids SA measurements were obtained from seedlings (100-200 mg) as previously described (Straus et al. 2010, Schlicht and Kombrink 2013) . Amino acid levels were determined according to Návarová et al. (2012) using 50-100 mg of seedlings that were frozen after treatment with TXA (or DMSO as control).
Disease resistance assays
Leaves of 5-week-old Arabidopsis plants were infiltrated with TXA (100 nM) or DMSO (0.001%) as control and 24 h later spray-inoculated with P. syringae pv. tomato strain DC3000 (10 5 c.f.u. ml -1 ), which is virulent on Arabidopsis wild type (Col-0), as previously reported (Birker et al. 2009 ). Bacterial titers were quantified at 3 d after inoculation in 18 leaf disks that were taken from six plants per genotype. Infection assays were performed four times independently.
Conidiospores of H. arabidopsidis isolate Noco2 (4Â10 4 spores ml -1 ) were spray-inoculated onto 5-week-old plants after 24 h pre-treatment with TXA (100 nM) or DMSO (0.001%) as previously described (Stuttmann et al. 2011) . Four days after inoculation, development of a host HR and growth of H. arabidopsidis hyphae were visualized by trypan blue staining of leaves as described previously (Aarts et al. 1998 , Stuttmann et al. 2011 . A minimum of 20 leaves per genotype were analyzed with an AxioImager.A2 microscope equipped with an AxioCam HRc camera system (Carl Zeiss). For quantitative conidiospore assays, 3-4 pots of each genotype were pre-treated and inoculated as above. After 6-7 d, the leaves of each pot (sampled as one replicate) were used for counting conidiospores in a hemocytometer as done previously (Stuttmann et al. 2011) . Spore counting assays were performed at least three times independently.
qRT-PCR analysis
Relative transcript levels were determined by qRT-PCR according to established protocols (Schmittgen and Livak 2008, Weßling and Panstruga 2012) . Total RNA was extracted from 2-week-old seedlings (approximately 20 mg) using the RNeasy Plant Mini Kit (QIAGEN) or the my-Budget Plant RNA Kit (Bio-Budget Technologies GmbH) following the manufacturer's instructions. cDNA was synthesized from 1 mg of RNA using SuperScript TM II Reverse Transcriptase (Invitrogen) and random hexamer primers following the supplier's instructions. All qPCR assays were performed with cDNA (diluted 1:20) corresponding to 25 ng of RNA using the iQTM SYBR Green Supermix kit (Bio-Rad Laboratories) on the iQ5 Real-Time PCR Detection System (Bio-Rad Laboratories) as previously described. Gene-specific primers were used for target gene amplification at final concentrations of 0.1 mM, and gene At4g26410 served as control (FMO1-forward: 5'-GTTCGTGGTTGTGTGTACCG-3', FMO1-reverse: 5'-TGTGCAAGCTTTTCCTCCTT-3'; EDS1-forward: 5'-CGAAGACACA GGGCCGTA-3', EDS1-reverse: 5'-AAGCATGATCCGCACTCG-3'; PAD4-forward: 5'-G GTTCTGTTCGTCTGATGTTT-3', PAD4-reverse: 5'-GTTCCTCGGTGTTTTGAGTT-3'; SAG101-forward: 5'-CATTCCTCTGCTCCGAGAAC-3', SAG101-reverse: 5'-CGTTTT AACGTCGGTTCGAT-3'; PR1-forward: 5'-TTCTTCCCTCGAAAGCTCAA-3', PR1-reverse: 5'-AAGGCCCACCAGAGTGTATG-3'; ALD1-forward: 5'-ACTTGGTGGCAGCA CAAAAC-3', ALD1-reverse: 5'-ATCACCAGTCCCAAGGCTTATC-3'; ICS1-forward: 5'-TTCTGGGCTCAAACACTAAAAC-3', ICS1-reverse: 5'-GGCGTCTTGAAATCTCCATC-3'; PBS3-forward: 5'-ACACCAGCCCTGATGAAGTC-3', PBS3-reverse: 5'-CCCAAGTCT GTGACCCAGTT-3'; VSP1-forward: 5'-TCATACTCAAGCCAAACGG-3', VSP1-reverse: 5'-ATCCTCAACCAAATCAGC-3'; CESA5-forward: 5'-CATCGTCCCTGAGATTAGCAA CT-3', CESA5-reverse: 5'-AGCAATCGACCCGAAAAGTG-3'; CESA6-forward: 5'-GGAA AATTCATCGTTCCCGAG-3', CESA6-reverse: 5'-AGAAGAGCGCCATGAAGAGG-3'; CESA7-forward: 5'-GAGCTGGGTTGGATCTATGGC-3', CESA7-reverse: 5'-AATGCAT CTTGAATCCCGTCA-3'; CESA8-forward: 5'-AGCTATTTGCCTTCTTACCGGC-3', CESA8-reverse: 5'-CATGCTTGCTAGGTTTGATAGCG-3'; At4g26410-forward: 5'-GA GCTGAAGTGGCTTCCATGAC-3', At4g26410-reverse: 5'-GGTCCGACATACCCATGA TCC-3'). qPCR assays were carried out in three biological samples per treatment and two technical replicates per sample according to the following conditions: denaturation at 95 C for 2 min, 40 repeats at 95 C for 20 s, 56 C for 30 s and 72 C for 25 s. Relative expression levels were calculated using the ÁÁCT method (Schmittgen and Livak 2008) and normalized to the expression in control plants.
Statistical analyses
Quantitative data analyses were performed in Excel spreadsheets with the embedded basic statistical functions (mean, SD, Student's t-test, root-meansquare linear regression). For statistical evaluation of the screening data, the Zscore was calculated as previously described (Malo et al. 2006; Serrano et al. 2015) and compounds producing values exceeding 1.5 were selected for further analysis.
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